Patients with intracranial hypotension (IH) demonstrate intracranial venous enlargement with a characteristic change in contour of the transverse sinus seen on routine T1-weighted sagittal imaging. In IH, the inferior margin of the midportion of the dominant transverse sinus acquires a distended convex appearance; we have termed this the venous distension sign (VDS). This is distinct from the normal appearance of this segment, which usually has a slightly concave or straight lower margin. This sign is introduced, and its performance as a test for the presence of this disease is evaluated.
I
ntracranial hypotension (IH) is a syndrome of variable etiologies, clinical presentations, and MR imaging appearances that share a unifying cause of CSF volume depletion and resultant low CSF hydrostatic pressure. [1] [2] [3] [4] [5] [6] [7] The syndrome of spontaneous IH (SIH) typically presents with orthostatic headache associated with MR findings and most commonly results from spontaneous leak of CSF from the spinal thecal sac. Iatrogenic causes of IH include "over shunting" associated with CSF diversion procedures, as well as continued leaks after surgical procedures and lumbar punctures. Many characteristic MR findings have been associated with IH regardless of its etiology. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] On review of the MR imaging of patients presenting to our institution with IH, we have identified a highly reliable novel imaging sign for the diagnosis of IH. We have termed this sign the "venous distension sign" (VDS) and evaluated for it on routine nonenhanced sagittal T1-weighted imaging of the brain. In patients with IH, the dural sinuses enlarge as they compensate for the loss of intracranial CSF volume. 2, 7, 13, 14 This phenomenon is not easily quantified; however, the expansion results in a characteristic change in the contour of the dural sinuses. This contour change is readily appreciated at the level of the transverse sinus on standard nonenhanced T1-weighted sagittal images of the brain. The presence of this sign can be determined in a binary fashion. Specifically, when visualized in its midportion on sagittal images of the brain, the contour of the dominant (larger) transverse sinus normally has a concave or straight inferior border (Fig 1) . In cases of IH, the inferior border acquires a distended appearance with a convex bulging of its inferior border (a VDS, as in Figs 2 and 3) . The purpose of this paper is to report this sign and evaluate its performance in a controlled trial for identifying patients with IH and differentiating them from normal age-and sex-matched control subjects.
Materials and Methods
Institutional review board approval was obtained for this project.
Patients with IH
A retrospective review of clinical and imaging records was carried out to identify patients evaluated for IH at our institution from February 2001 to September 2005. Criteria used in this study to firmly establish the diagnosis of IH were similar to those reported previously for SIH 2, 15 and include the following: diffuse headache that worsens within 15 minutes after sitting or standing; evidence of low CSF pressure on MR imaging; and spontaneous headache resolution or within several days after epidural blood patch (EBP). Fifteen IH patients (IHPs) with complete MR imaging at presentation were identified and included 13 women and 2 men with an overall average age of 46 years. Of the 15 patients with confirmed IH, 12 presented with primary SIH, 2 presented after lumbar puncture, and 1 after a spinal anesthetic procedure. All 15 of the IHPs provided the typical clinical presentation of orthostatic headaches, as well as characteristic findings at gadolinium-enhanced MR imaging of the brain. Nine of the 15 went on to have EBP treatment, 4 had spontaneous resolution of their symptoms, and 2 were lost to follow-up. Follow-up MR imaging of the brain was available in 10 of the 15 IHPs.
Control Patients
Eighty consecutive potential control patients (CPs) were recruited from the population of cancer patients at our institution who were undergoing screening for intracranial metastatic disease. These patients had no clinical signs or symptoms of neurologic disease.
At gadolinium-enhanced MR imaging, 21 of these patients had intracranial abnormalities (metastatic disease) and were excluded from the study. Images from 3 of the CPs were no longer available for review in this study. The preliminary control population consisted of 56 patients with an average age of 58 years and a femaleto-male ratio of 1:0.9. A final control population of 15 age-approximated control subjects was derived from the larger control population by sequestering the youngest patients available within the preliminary control population. This control population included 13 women and 2 men, with an overall average age of 51 years. Informed consent was obtained from all of the control subjects before their participation.
MR Imaging, Processing, and Review
All of the MR examinations were carried out with a superconducting 1.5T MR system (Signa EchoSpeed 8.2.3-11.2 software; GE Medical Systems, Milwaukee, Wis) with a standard head coil. All of the examinations included a T1-weighted sagittal conventional spin-echo (CSE) sequence (TR/TE, 600 ms/14 ms; section thickness, 5 mm with an intersection gap of 2 mm; and frequency-and phase-encoding matrix, 256 ϫ 192). This T1-weighted sagittal CSE sequence was the only sequence used for this study. trained for several minutes on the use of the VDS by the principal author (R.I.F.) and study coordinator (R.F.) by using examples of control and confirmed IHPs not otherwise used in any portion of the study. To standardize the application and interpretation of this sign, the larger (dominant) of the 2 transverse sinuses was used. The middle third of this dominant sinus was approximated to ensure that contour evaluations were not influenced by proximity of the torcula herophili or the sigmoid sinus. The reader was asked to tabulate whether the VDS was present or absent for each image set. The readers were told that they would be evaluating a total of 30 case subjects but were given no indication regarding the number of IHPs versus normal CPs in the randomly assigned grouping. Each of the 15 CPs and 15 IHPs were assigned an identifying number and were then mixed with a digital randomizer. Images were displayed on the viewing workstation with the image cropped such that the readers could easily scroll through the sequential images of each patient's T1 sagittal sequence. In this manner, only the right and left transverse sinuses and little else of the intracranial anatomy were visible to the readers, thus minimizing the possibility that the readers could inadvertently identify other imaging cues of IH. All of the patient information was removed from the images. The review sessions were prepared in this masked (blinded) manner by the study coordinator (R.F.). At each review session, the reader was assisted by the study coordinator to ensure that patient identifiers were removed from the images, the data forms were completed, and the protocol of image presentation was maintained. Care was taken to ensure that R.F. did not inadvertently impart information that would assist or influence the readers in their interpretations. Each reader independently reviewed the 30 sets of images. The results of the 3 readers were grouped for each patient, and a consensus response was derived based on the majority opinion (2 of 3) for response to the binary type question.
Results
The results of the study are tabulated in Tables 1 and 2 . The normal contour of the middle segment of the transverse sinus on sagittal imaging was surprisingly consistent, displaying a variable contour of the upper border, a slightly convex posterior (calvarial) border, and a concave or straight inferior border as shown in Fig 1 (an absent VDS) . This contour of the midtransverse sinus was seen in 14 of the 15 CPs. Conversely, in 14 of the 15 patients with IH, the inferior border of the midtransverse sinus displayed a convex margin (a VDS). In all 10 of the patients with MR followup, resolution of symptoms of IH paralleled the resolution of the MR findings, including the VDS, which reverted to "absent" in all of the subjects (Fig 3) .
Performance of the VDS as a Test
This sign proved to be a highly accurate test for IH with a high rate of agreement among the readers (multirater ϭ 0.82). The overall sensitivity of the sign was 93.3%. The 3 readers correctly identified the IHPs with a VDS in 14 of 15 subjects (unanimously in 12 subjects and by most [2 of 3] in 2 subjects). In only 1 subject (IHP 10) did the VDS fail to identify a patient with IH, because 2 of the 3 readers tabulated it negative for the sign (Fig 4) . Specificity of the sign was 93.3%. The 3 readers correctly identified the CPs with a negative VDS in 14 of 15 subjects (unanimously in 13 subjects and by most in 1 subject). In 1 subject (CP 1), all of the readers incorrectly designated a CP as a patient with IH with a VDS (Fig 5) . The 41 remaining (nonage-matched) CPs were reviewed in a nonrandomized fashion by the principal author alone. In all of the subjects the VDS was negative.
Discussion
The CSF, arterial and venous pressure-volume dynamic, and its effect on the intracranial contents are explained by what has become known as the Monro-Kellie hypothesis. This concept, Note:-CP indicates control patient; pos, positive; neg, negative; R1, R2, R3, the interpretation of the venous distension sign by each reader for each patient. which takes its origins from Monro's 16 original publication, 2, 13 holds that, in the intact skull, the sum of the volumes of brain, blood, CSF, meninges, and ECF must remain constant. Because the brain itself is not significantly compressible or expandable, a loss of CSF volume must be compensated by an increase in extracellular fluid (ECF) and/or blood volume. These elements also have limitations in accommodating the needed volume. The blood-brain barrier restricts ECF expansion internal to the arachnodural junction; however, significant transudate can accumulate external to this layer of the meninges in patients with IH and is seen on postgadolinium enhanced T1-weighted imaging as pachymeningeal thickening and enhancement. This accumulation of fluid occurs in the loose connective tissue of the so-called "subdural space." The intracranial venous compartment, in particular, the dural sinuses, can substantially enlarge to compensate for lost CSF volume (resulting in the VDS described here). The MR findings associated with IH (Fig 2) can be predicted by the Monro-Kellie hypothesis and can be categorized as either compensatory or passive. Venous engorgement with enlargement of the dural venous sinuses, enlargement of the pituitary gland, thickening and subsequent enhancement of the loose connective tissue of the subdural space, and transudative fluid collections within this space, as well as frank subdural hematomas are all phenomena that "compensate" for the loss of intracranial volume. The passive findings, which include "slitlike" lateral ventricles and effacement of sulci, as well as the downward transtentorial herniation of the brain with the "sagging brain" appearance, result from the CSF hypovolemia and are further exacerbated by the supratentorial compensatory phenomena. The recognition and interpretation of these MR findings remain qualitative and somewhat subjective. In florid cases of IH, all or most of these findings would probably be present. However, the clinical and MR presentation of this disease is commonly variable 1, 3, 5, [17] [18] [19] [20] [21] [22] [23] and can occasionally provide a diagnostic challenge; thus, a quantitative reliable sign of venous engorgement may prove useful. We initially noted this VDS at gadolinium-enhanced MR venography in patients with IH and subsequently found that the presence or absence of this sign was easily determined on standard nonenhanced sagittal T1-weighted images. As a compensatory phenomenon, venous dilation probably occurs early in the course of IH accounting for the high prevalence of this sign in these patients. The concept that the signs of IH appear in a sequential, escalating fashion dependent on the duration and rate of CSF leak has been proposed previously. 7, 24 In a corollary fashion, venous distension is probably the first finding of IH to disappear on cessation of the CSF leak (after EBP or spontaneous closure), whereas other findings of IH, such as dural enhancement and subdural fluid collections, would require more time to resolve. This concept may explain the single "false-negative" occurrence (Fig 4) in this study (IHP 10) . This IHP did have spontaneous resolution of symptoms and may have been imaged shortly after the CSF stopped leaking. This postulate that the MR findings of IH will ensue and subsequently recede in a predictable sequence may be substantiated in the future. The single falsepositive case in this study is shown in Fig 5. The explanation for this occurrence is uncertain. It may simply relate to normal variation of the contour of the normal transverse sinus and suggests a possible limitation of VDS. The convex contour of the undersurface of the transverse sinus, however, was not encountered in any of the remaining 41 nonage-matched control subjects.
In summary, evaluation of headache is a common indication for MR of the brain worldwide. IH is increasingly being recognized as a treatable cause of headache that, when left undiagnosed, can lead to prolonged disability. Furthermore, misdiagnosis can lead to unnecessary invasive interventions. IH may not be readily apparent clinically and, thus, not suspected at the time of MR referral. As shown in the present study, the VDS is a reliable sign for the presence of IH that can be applied to the most common and rudimentary of sequences (nonenhanced sagittal T1-weighted image) providing insight into the status of intracranial pressure simply with a glance at the contour of the transverse sinus. In our experience and as shown in the present trial, the VDS appears to be an accurate and potentially helpful imaging sign for the diagnosis of IH.
